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Mash1 is a transcription factor required during embryogenesis for the development of multiple neural lineages. It is
expressed in restricted domains at speci®c stages in the developing central and peripheral nervous systems and in the
developing olfactory epithelium. We have investigated the regulation of Mash1 expression during embryogenesis using
transgenic mice containing Mash1/lacZ reporter constructs. Cis-acting regulatory elements controlling Mash1 expression
in the central nervous system are located within an 8-kb sequence upstream of the Mash1 coding region. This 8-kb sequence
does not contain elements directing expression to the peripheral nervous system, olfactory epithelium, or retina. Sequences
outside this 8 kb but within 36 kb of the Mash1 locus contain elements responsible for expression in the autonomic
division of the peripheral nervous system. However, transgene expression in embryos containing the 36-kb sequence was
never detected in the olfactory epithelium and retina. Thus, regulatory elements driving expression in these lineages may
be at even greater distances from the Mash1 coding region. These data provide evidence for complex regulation of Mash1
expression in which multiple lineage-speci®c cis-acting regulatory regions span greater than 36 kb of the Mash1 locus.
Further characterization of these regions will facilitate the study of factors that regulate the temporal and spatial expression
of Mash1 during development. In addition, the regulatory sequences identi®ed here can direct expression of heterologous
genes to developing neural lineages that normally express Mash1, thus providing an important tool for examining the
function of candidate regulatory genes in mammalian nervous system development. q 1996 Academic Press, Inc.
INTRODUCTION lial neurons (Guillemot et al., 1993). Further experiments
using olfactory and neural crest-derived cell culture systems
The cellular complexity displayed by multicellular organ- suggest that Mash1 is required in neural precursor cells for
isms relies on an intricate interplay of gene expression. differentiation to proceed rather than to initiate neural de-
Transcription factors play an important role in the develop- termination in stem cells (Gordon et al., 1995; Lo and An-
ment of this complexity by dictating the types of genes derson, 1995; Sommer et al., 1995).
expressed in a cell. Multiple classes of transcription factors Mash1 exhibits a complex-restricted spatial and temporal
including homeodomain, pou, Zn-®nger, and basic helix- expression pattern in the nervous system (Lo et al., 1991;
loop-helix (bHLH) are expressed in complex spatial and tem- Guillemot and Joyner, 1993). In the peripheral nervous sys-
poral domains in the developing nervous system (Rosenfeld, tem (PNS), Mash1 is expressed in neural precursors of the
1991; Bulfone et al., 1993; Puelles and Rubenstein, 1993; neural crest-derived autonomic nervous system including
Keynes and Krumlauf, 1994; Strachan and Read, 1994; Ka- the sympathetic, parasympathetic, and enteric divisions,
geyama et al., 1995). The proliferation and differentiation but is not expressed in the sensory division. Neural precur-
of neural cell types are likely to be controlled by complex sors in the olfactory epithelium and retina also express
cascades involving these transcription factors. Mash1, a Mash1. In contrast to the restriction of Mash1 to the auto-
transcription factor of the bHLH class (Johnson et al., 1990, nomic lineages of the PNS, expression in the central ner-
1992), is involved in controlling differentiation of speci®c vous system (CNS) is regionalized and does not correlate
neural lineages. Mice lacking a functional Mash1 gene fail with speci®c neuronal cell types or lineages. For example,
in the telencephalon, Mash1 is expressed in ventral regionsto generate most peripheral autonomic and olfactory epithe-
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forming the basal ganglia and is absent in the dorsal regions surrounding the Mash1 coding region, that are required for
Mash1 expression in distinct neural lineages.that will become the cerebral cortex. In the diencephalon,
Mash1 is expressed in portions of both the thalamus and
hypothalamus. Complex expression patterns have been de-
MATERIALS AND METHODSscribed for many putative regulatory genes including Otx-
1, Otx-2, Wnt-1, Pax-5, En-1, En-2, Emx-1, Emx-2, and genes
5* RACEof the Hox clusters (Wilkinson et al., 1987; Asano and
Gruss, 1992; Simeone et al., 1992; Krumlauf, 1994). The To locate the transcription start site for the Mash1 gene, the 5*
expression pattern of these genes has been taken as evidence end of the Mash1 cDNA was identi®ed using 5* rapid ampli®cation
of cDNA ends (RACE). 5* RACE was performed with the Gibco kitto postulate the existence of neuromeres, segmental units
using 0.75 mg poly(A)/ RNA isolated from mouse E10.5 embryos.in the rostral vertebrate CNS (Puelles and Rubenstein, 1993;
Primers used for RACE were based on mouse genomic sequencesKeynes and Krumlauf, 1994; Bally-Cuif and Wassef, 1995;
that correlate with sequences in the 5* end of the rat Mash1 cDNAGuthrie, 1995). It has been argued that the presumptive
(Johnson et al., 1990). EM47 (TCGCCCTCCCTAACCGGCTCC)segmental patterns in vertebrate development arise using
served as the gene-speci®c primer 1 and EM45 (AGCCGGTAC-similar molecular mechanisms and cascades of transcrip-
GCCTTCCACGTT) served as gene-speci®c primer 2. The PCR
tion factors that have been shown to be important in Dro- products were then separated on a 3% agarose gel, blotted, and
sophila development (Finkelstein and Boncinelli, 1994; hybridized with EM44 (ACGTTCCCTGGCCAGAAGTGAGAG-
Keynes and Krumlauf, 1994; Patel, 1994; Rubenstein et al., ACTGCT). EM44 is located upstream of EM45 near the 5* end of
1994; Hirth et al., 1995; Thor, 1995). Since Mash1 expres- the rat cDNA. The fragments that hybridized to EM44 were gel
isolated on a 3% Nusieve gel and further ampli®ed at 557C. Thesion in the CNS is regionalized, the identi®cation of
PCR products were gel isolated and subcloned into a pCRII cloningcis-acting sequences regulating its expression will lead to
vector (Invitrogen) for sequencing with T7 or SP6 primers.isolation of regulatory molecules functioning earlier in de-
velopment that may be specifying pattern in the vertebrate
nervous system. Constructs and Preparation of DNA Fragments
Mash1 was isolated on the basis of sequence homology
The mouse genomic sequences came from a cosmid containingto the Drosophila proneural genes of the Achaete±scute
the Mash1 gene isolated from a Stratagene mouse pWE15 librarycomplex (Johnson et al., 1990), and like the Drosophila
(Yoshida, B., and Anderson, D., unpublished). Three fragments ofgenes (for review see Skeath and Carroll, 1994), Mash1 is
DNA with overlapping homologous ends were isolated for coinjec-
expressed in the nervous system and plays a role in neural tion into fertilized mouse eggs. The ®rst two fragments, 13 and
development. Given this conservation of expression and 23 kb, came directly from a NotI digest of the Mash1 cosmid and
function, it is possible that some aspects of transcriptional represent sequences found upstream and downstream of the Mash1
regulation have also been conserved. Based on the pheno- coding sequence, respectively (see Fig. 2A). The construction of the
middle fragment, the Mash1/lacZ fusion (J1D), was a multiple-steptypes of mutations in the Achaete±scute complex, it has
procedure in which a 3.1-kb BamHI fragment from pnlacF (Mercerbeen inferred that the regulatory elements controlling ex-
et al., 1991) containing the lacZ coding region was cloned into apression of achaete and scute span approximately 100 kb
linker-modi®ed pM1X5.5 (an XbaI fragment subclone from the(Ruiz-Gomez and Modolell, 1987; GoÂ mez-Skarmeta et al.,
Mash1 cosmid). Thus, the resulting plasmid pM1XlacZ fuses the1995). Different mutations within this large region result
lacZ coding sequence in frame with the Mash1 coding sequencein loss of speci®c proneural clusters or domains of expres-
just after the fourth amino acid and deletes the Mash1 sequence
sion of achaete and scute (Cubas et al., 1991; GoÂ mez-Skar- encoding amino acids 5 to 207. An additional 10-kb XbaI fragment
meta et al., 1995). Enhancers from this region have been from the Mash1 cosmid was inserted into pM1XlacZ generating
isolated that can drive reporter lacZ genes speci®cally in J1B (Fig. 6A). J1D is a 9-kb NcoI/SphI fragment from J1B (Figs 2A
one or a few proneural clusters (GoÂ mez-Skarmeta et al., and 6A). J1B and J1D contain the coding sequence for lacZ ¯anked
on the 5* end by 11 and 3 kb, respectively, including the 5* untrans-1995). Thus, it appears that the complex pattern of achaete
lated region. The 3* ends of both J1B and J1D contain 3 kb ofand scute expression is regulated by multiple, distinct se-
sequence, including the 3* untranslated region and the small intronquence elements located in a large region of DNA spanning
found there. The 9-kb J1D was injected alone or coinjected withthe Achaete±scute locus. In addition, genetic analysis has
the 13- and 23-kb Mash1 cosmid fragments. All fragments for injec-demonstrated that the patterns of achaete and scute expres-
tion were separated from vector sequences in an 0.8% SeaPlaquesion are controlled by combinations of axis-patterning genes
agarose gel, puri®ed from gel using Elutip columns, and resus-
such as the pair-rule and dorsoventral polarity genes (Skeath pended in injection buffer (10 mM Tris±HCl, pH 7.5, 0.1 mM
et al., 1992). EDTA) at 3 ng/ml. For the coinjection experiment, fragments were
As a means to identify genes whose actions precede that combined for injection so that each was 1 ng/ml.
of Mash1, we have taken the approach of identifying the cis-
acting regulatory regions within the Mash1 locus to which
Generation and Screening of Transgenic Miceupstream factors will bind. Data presented here suggest the
existence of multiple, physically separate sequence ele- Transgenic mice were generated by standard procedures (Hogan
et al., 1986) using fertilized eggs from B6D2F1 (C57BL/6 1 DBA)ments, spread throughout and beyond 36 kb of the sequence
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crosses. Transgenic founder animals were identi®ed by standard this rat cDNA (Fig. 1). After 5* RACE with template from
tail DNA dot blots, and the transgene integration was characterized mouse E10.5 cDNA, the ampli®ed products were subcloned
by Southern blot analysis (see Fig. 2B). A 2.5-kb PvuII fragment and sequenced. The sequence of these 5* RACE products
from a lacZ plasmid was used as a probe for lacZ sequences. (data not shown) indicated the location of the transcription
Founder animals were outbred with B6D2F1 animals for all studies. start site within a GC-rich region approximately 566 bp
upstream from the translation start site (Fig. 1).
Analysis of the region around the transcription start site
indicates the presence of consensus sequences for variousb-Galactosidase Staining of Embryos
basal promoter elements, but the absence of a typical TATA
box. Promoters of many cellular growth and differentiationFor b-galactosidase (b-gal) staining transgenic embryos were dis-
sected from the uterus in cold PBS and ®xed for 30±45 min (de- genes have been shown to lack a discernible TATA box
pending on the age of the embryo) in 4% formaldehyde, pH 7.2, at (Smale and Baltimore, 1989; Weis and Reinberg, 1992). In-
room temperature. b-Gal staining of the embryos was carried out stead, these genes contain other types of control elements
at 30±357C overnight in 1 mg/ml 5-bromo-4-chloro-3-indolyl-b-D- (Weis and Reinberg, 1992; Smale, 1994; Bruke and Kado-
galactopyranoside (X-gal), 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6 , 5 naga, 1996). A sequence (GAACGTG), located at /25, is a
mM MgCl2 in PBS. Embryos were rinsed in PBS and post®xed for 6/7 nucleotide match to the recently identi®ed downstream
more than 12 hr in 4% formaldehyde. The whole-mount stained
promoter element or DPE (Bruke and Kadonaga, 1996). DPEsembryos were cleared in methyl salicylate and photographed under
are present in a number of Drosophila TATA-less genes andbright®eld illumination. Other stained embryos were embedded in
are characterized by the sequence A/GGA/TCGTG foundagarose and 200- to 300-mm parasagittal or transverse sections were
approximately 30 nucleotides downstream of the transcrip-cut on a vibratome. The embryos were staged based on the assump-
tion that copulation occurred half way into the light±dark cycle tion start site. The locations of the transcription start site,
and this was considered E0. the DPE consensus, and consensus for SP1 binding sites
(Faisst and Meyer, 1992) are shown in Fig. 1.
Generation of Transgenic Mice Using CoinjectionIn Situ Hybridization and Immunocytochemistry
of Overlapping DNA Fragments
For in situ hybridization, embryos were either collected after b-
The temporal and spatial pattern of Mash1 expression isgal staining, or fresh embryos were ®xed for 1±2 hr at 47C in 4%
complex but restricted to the developing nervous system.formaldehyde. Fixed embryos were embedded in 15% gelatin in
Because of this complexity, and because regulatory ele-PBS and 200-mm parasagittal or transverse sections were cut on
ments in the Achaete±scute locus span a large region, wethe vibratome. In situ hybridization was performed essentially as
described (Carpenter et al., 1993) with modi®cations by Jeff Barrow tested a 36-kb region spanning the Mash1 locus in
(unpublished). Detailed protocol will be provided upon request. Sec- transgenic mice. To test this large region of DNA, we
tions were scanned using a SprintScan 35 slide scanner (Polaroid) adopted a strategy based on coinjection of overlapping DNA
using the Pathscan Enabler (Meyer Instruments). Mash1 antisense fragments in fertilized mouse eggs (Palmiter et al., 1985;
probe was derived from the 3* 700 bp of the rat cDNA (Johnson et Pieper et al., 1992). After coinjection of overlapping frag-
al., 1990). For labeling of Mash1-expressing cells at different stages ments, the homologous ends recombine extrachromosom-
of development MASH1A antibody was used as described in Som-
ally, and the recombined transgene integrates randomlymer et al. (1995).
into the mouse genome. The coinjected DNA fragments
used in this study, and the expected recombined transgene
integrant are shown in Fig. 2A. The mouse Mash1 se-
quences are derived from a 36-kb cosmid containing theRESULTS Mash1 coding sequence (Yoshida, B., and Anderson, D., un-
published). The Mash1/lacZ fusion construct (J1D) was
used as the central fragment. This fusion replaces most ofCharacterization of the Mash1 Transcription
the Mash1 coding sequence (contained on one exon) withStart Site
the lacZ coding sequence and retains all 5* and 3* untrans-
lated regions. Approximately 13- and 23-kb NotI fragmentsA comparison of mouse Mash1 cDNA and genomic
clones indicates that the entire Mash1 coding sequence is were isolated from the cosmid and represent the 5* and 3*
regions ¯anking the Mash1 coding sequence, respectively.located in one exon, with a 360-bp intron in the 3* untrans-
lated region (Guillemot and Joyner, 1993). To determine the These fragments contain 2.3±3.0 kb of homologous overlap-
ping sequence with J1D, the middle Mash1/lacZ fragment.transcription start site of Mash1, we used 5* RACE (Froh-
man et al., 1988). The original rat Mash1 cDNA reported Founder transgenic animals were ®rst screened by DNA
dot blot analysis using a lacZ probe (Fig. 2A) to determinecontained 535 bp of 5* untranslated sequence (Johnson et
al., 1990). We designed primers for 5* RACE from mouse the presence of the lacZ gene in the mouse genome. To
identify animals that had integrated at least one copy of thegenomic DNA that was homologous to the 5* sequence of
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8390 / 6x16$$$221 11-27-96 12:12:32 dbas
608 Verma-Kurvari et al.
FIG. 1. Mash1 transcription start site. The sequence from the mouse Mash1 locus including 575 bp 5* untranslated region and 315 bp
5* of the transcription start site is shown. The transcription start site as determined by RACE is indicated by /1. This site is located in
a highly G / C-rich region. The initiator methionine is indicated (Met). The positions of oligonucleotides used for 5* RACE are shown
(EM44, EM45, and EM47). A downstream promoter element-related sequence located at /25 is shown as a gray box. Two SP1 sites are
boxed. The sequence reported here has been submitted to the GenBank database, accession number U68534.
full-length, recombined Mash1/lacZ transgene integrant, Neural-Speci®c Expression in Mash1/lacZ
positives from the dot blot analysis were next analyzed by Transgenic Mice
Southern blot using the lacZ probe. Three digests were used
The three Mash1/lacZ transgenic lines of mice, J1A-20,to characterize the transgene. In the Southern blot analysis,
J1A-29, and J1A-59, show lacZ transgene expression spe-an NcoI digest gives an 8.5-kb band only if all three frag-
ci®cally in the developing nervous system in a pattern re-ments recombined properly, an EcoRI digest gives a 13-kb
¯ecting that of endogenous Mash1. Expression of theband if at least the middle and 5* fragments recombined,
transgene is detected by b-gal histochemistry in whole em-and a SacI digest gives a strong 2-kb band and a weaker 4.5-
bryos as early as E10.5 (data not shown). No staining waskb band if at least the middle and 3* fragments recombined
visible before this age. The strongest staining was detected(Figs. 2A and 2B). Of the nine transgenic founders identi®ed,
in embryos from E11.5 to E13.5, correlating with the strong-six appeared to contain all three fragments properly aligned
est expression of Mash1 mRNA detected by Northern analy-(67%). Of these six transgenic founder animals, two did not
sis and in situ hybridization (Johnson et al., 1990; Guillemottransmit the transgene to offspring, and one did not express
and Joyner, 1993), and Mash1 protein detected by immuno-the transgene. The remaining three transgenic lines ex-
cytochemistry (Lo et al., 1991). The fact that we do notpressed the Mash1/lacZ transgene speci®cally in the ner-
detect b-gal activity at the earliest stages of Mash1 expres-vous system in regions similar to those expressing endoge-
sion suggests that either the transgene lacks an element fornous Mash1 (discussed in the following sections). The ex-
precise temporal regulation or more likely that b-gal haspression levels showed no correlation with transgene copy
not accumulated to a detectable level at these earlier stages.number. The Southern analysis of these three lines (J1A-20,
In general, the three independent transgenic lines expressJ1A-29, and J1A-59) is shown in Fig. 2B. Surprisingly, the
the lacZ transgene in similar spatial and temporal patternsappearance solely of the predicted bands suggests that two
within the developing nervous system. There are, however,of the three lines contain only the full-length integrant (see
differences in relative levels of expression in individual re-Southern for J1A-20 and J1A-59 in Fig. 2B). In contrast, J1A-
gions. For example, in the J1A-29 line, expression is very29 contains not only the full-length integrant demonstrated
strong in the ganglionic eminences of the telencephalon,by the correct bands, but also partial integrants as evidenced
by additional smaller bands (Fig. 2B). but much weaker in the mesencephalon relative to the
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mm vibratome sections of E11.5 whole-mount b-gal-
stained embryos. Like endogenous Mash1, lacZ is ex-
pressed in speci®c regions in the CNS including subsets of
cells in the telencephalon, diencephalon, mesencephalon,
metencephalon, myelencephalon, and neural tube (Figs.
3 and 4). In the telencephalon, expression is restricted to
the ventral regions including the ganglionic eminences
(Figs. 4B, 4C, and 4H; see ge). Expression is notably absent
in the developing cerebral cortex as has been reported for
endogenous Mash1 (compare Figs. 4H and 4I; see cc) (Lo
et al., 1991; Guillemot and Joyner, 1993). Consistent high
levels of expression are seen in the diencephalon in both
the developing hypothalamus and thalamus (Figs. 4C, 4D,
and 4H; see h and t). The absence of endogenous Mash1
expression in the diencephalon adjacent to the mammil-
lary recess is dramatically re¯ected in the absence of lacZ
expression in this region in the transgenic embryos (Fig.
4D; arrow). In addition, the expression in the thalamic
region is both ventral and dorsal to the sulcus limitans
as is seen for Mash1 expression (Fig. 4D; see sl).
Both Mash1 and the lacZ transgene are expressed in
the dorsal mesencephalon in the region of the developing
superior colliculus. A sharp boundary of expression is ob-
served rostrally near the midbrain/forebrain boundary in
the pretectal region (Figs. 3 and 4; arrows in H and I). The
hindbrain and rostral spinal cord also express high levels
of b-gal activity. In the hindbrain this expression is seen
in the metencephalon and two columns in the myelen-
cephalon, overlapping with regions expressing Mash1
(Figs. 4E, 4H, 4I, and 5B).FIG. 2. Generation of transgenic mice using coinjection of over-
Mash1 mRNA and protein have been clearly demon-lapping DNA fragments. (A) Diagrammatic representation of the
strated to localize to the ventricular zone in the dorsal halfstructure of the Mash1 gene in the Mash1 cosmid, the Mash1/lacZ
of the neural tube (Lo et al., 1991; Guillemot and Joyner,fusion construct (J1D), the fragments used for injection, and the
1993). LacZ expression is detected, albeit at reduced levelsresulting transgene (J1A) generated by homologous recombination
between the overlapping fragments. Also shown are relevant re- relative to the rest of the CNS, in the correct regions of the
striction enzyme sites and the expected band sizes for Southern neural tube in line J1A-59 (Figs. 3C, 3F, and 4G; see nt).
analysis using the lacZ probe. (B) Southern blot of the three J1A Expression in neural tube in lines J1A-20 and J1A-29 is even
transgenic lines, J1A-20, J1A-29, and J1A-59, demonstrating the weaker and, when detected, does not show the precise ex-
presence of at least one full-length recombined transgene. B, pression in the dorsal ventricular zone as expected, but has
BamHI; E, EcoRI; N, NcoI; T, NotI; P, SphI; S, SacI; X, XbaI.
b-gal activity at the dorsal and ventral limits of the endoge-
nous Mash1 expression (Fig. 5C). This imprecise expression
may be due to positional in¯uences on elements regulating
other two lines (Fig. 3; compare B and E with the other expression in the neural tube.
panels). Another notable difference between the transgenic In summary, three independent lines of transgenic mice
lines is in the expression of the transgene in the peripheral containing the Mash1/lacZ transgene re¯ect endogenous
nervous system (discussed below). However, even with the Mash1 expression in the CNS. Thus, sequences approxi-
differences noted above, the reproducibility of the b-gal mately 13 kb 5* and 23 kb 3* of the Mash1 coding region
staining pattern in the three independent transgenic lines contain cis-acting element(s) controlling speci®c spatial and
(Fig. 3) demonstrates the presence of cis-acting regulatory temporal transcription in the CNS.
elements that control Mash1 expression within the 36-kb
Mash1 cosmid. Below we describe in detail the expression
Absence of LacZ Expression in Forebrainpattern in E11.5 embryos.
Ventricular Regions
Central Nervous System Expression In agreement with Mash1 expression, b-gal activity in the
telencephalon is restricted to ventral regions in the gangli-To identify areas of the nervous system expressing the
Mash1/lacZ transgene in more detail, we analyzed 200- onic eminences and absent in the developing cerebral cortex
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FIG. 3. Neural-speci®c lacZ expression in J1A transgenic mice at E11.5 and E13.5. E11.5 (A±C) and E13.5 (D ±F) embryos from the
transgenic lines J1A-20 (A and D), J1A-29 (B and E), and J1A-59 (C and F) stained for b-gal activity as whole mounts and cleared in methyl
salicylate before photographing under bright®eld illumination. Arrows in (A) and (B) point to presumptive enteric precursors. Arrow in
(C) points to expression in developing sympathetic neural precursors. Arrowheads in (A) and (D) point out regions of ectopic expression
in the developing cranial facial regions (A) and in a region close to but not the vomeral nasal organ (D). Ectopic staining is also apparent
in the dorsal root ganglia in J1A-20 at E13.5 (D). ge, ganglionic eminence; h, hypothalamus; mes, mesencephalon; met, metencephalon;
my, myelencephalon; nt, neural tube; t, thalamus.
(Figs. 4B, 4C, and 4H). However, analysis of b-gal-stained directly, we performed in situ hybridization with the Mash1
probe on b-gal-stained embryos. These double-stained sec-embryo sections indicates that activity is absent in the ven-
tricular zone closest to the ventricle in the ganglionic emi- tions demonstrate a striking correspondence at the ventral
and dorsal boundaries of expression between the endoge-nences (Figs. 4B and 4C and 5A and 5D; see ge) where endog-
enous Mash1 mRNA is expressed (Guillemot and Joyner, nous Mash1 mRNA and the transgene (Fig. 5A). However,
since neural precursor cells in the ventricular zone move1993). b-Gal was detected primarily in the deeper parts of
the ventricular zone and in the subventricular zone (Fig. out toward the subventricular and marginal zones as they
differentiate (for review see McConnell, 1995), a temporal5D). To compare expression of the transgene with Mash1
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difference in transgene expression is evident from the ab- nation is that the sequences responsible for PNS expression
are susceptible to positional effects.sence of b-gal activity in regions closest to the ventricles
(Fig. 5A). Does the b-gal activity re¯ect where Mash1 pro- We have noted a persistence of b-gal staining in
transgenic embryos beyond endogenous expression in bothtein is expressed or is there a delay in the transgene expres-
sion? In the ganglionic eminences, Mash1 protein has been the CNS and PNS. The b-gal activity in the sympathetic
precursors in line J1A-59 persists to E12.5 (data not shown),reported to be expressed primarily in cells of the subventri-
cular zone with scattered Mash1-expressing cells observed longer than expected for endogenous Mash1. This persis-
tence of b-gal activity is likely due to a greater stability ofin the ventricular zone (Porteus et al., 1994). We directly
compared the b-gal histologic activity with Mash1 immu- the b-gal protein versus Mash1 protein (Echelard et al.,
1994; GoÂ mez-Skarmeta et al., 1995). The expression of thenohistochemical expression in similar sections of E11.5
forebrain (Fig. 5). Our data demonstrate Mash1 immunore- reporter gene in the appropriate peripheral neural precursors
indicates that the 36-kb Mash1/lacZ construct contains ele-activity in both ventricular and subventricular zones in the
ganglionic eminences (Fig. 5F). Thus, in this region, the ments responsible for correct temporal and spatial expres-
sion in the PNS as well as the CNS.expression patterns of Mash1 and the transgene overlap but
the transgene expression is delayed with respect to Mash1.
The thalamic region of the diencephalon also shows an ab-
Other Regions of Expressionsence of transgene expression in the regions closest to the
ventricle (Figs. 5A and 5G). A comparison of the b-gal activ- Mash1 is found in the developing retina and olfactory
ity to Mash1 mRNA and protein shows that although there epithelium and is required for the generation of olfactory
is overlap in their expression, Mash1 protein persists longer neurons (Guillemot and Joyner, 1993; Guillemot et al.,
than the mRNA (detected in more lateral regions) and the 1993). We have been unable to detect the Mash1/lacZ
transgene persists even longer (compare Figs. 5G±5I). b-Gal transgene expression in the olfactory epithelium or retina
is known to be stable and it is therefore possible that its at E10.5 to E15 (Figs. 3, 4B, and 4H and data not shown). We
half-life may exceed that of Mash1. thus conclude that either regulatory elements controlling
expression in these tissues originate outside the 36-kb re-
gion in our study or sequences that direct expression in the
olfactory epithelium and retina may be extremely sensitivePeripheral Nervous System Expression
to position effect and are silent in the transgenic mice ana-
lyzed to date.Mash1 is expressed in and is essential for the formation of
the autonomic nervous system including the sympathetic,
parasympathetic, and enteric divisions (Lo et al., 1991; Guil- CNS and PNS Expression Requires Distinct
lemot and Joyner, 1993; Guillemot et al., 1993). We have Sequencesobserved autonomic nervous system expression in all three
transgenic lines; however, each line exhibits a subset of the As a next step in the dissection of speci®c sequences
controlling Mash1 expression, we tested another Mash1/overall Mash1 endogenous pattern. Lines J1A-20 and J1A-
29 show lacZ expression in presumptive enteric neuronal lacZ construct. This construct (Fig. 6; J1B) lacked approxi-
mately 4 kb of the most 5* sequence and 20 kb of the 3*precursors (Figs. 3A, 3B, and 4F; arrows), and J1A-59 ex-
presses lacZ in the sympathetic neuronal precursors (Figs. sequence tested in J1A. Five independent lines of mice con-
taining J1B were generated, and four of these expressed the3C and 4G; arrow). In addition, the J1A-20 line appears to
exhibit parasympathetic precursor speci®city. This is evi- transgene. Strikingly, in all four lines, the transgene is ex-
pressed speci®cally in the CNS in the same domains ofdenced by the small patch of lacZ expression in the tongue
region (Fig. 4H; arrowhead) which corresponds to endoge- expression as endogenous Mash1 and the J1A transgene.
Examples of b-gal expression at E11.5 in two of these linesnous Mash1 expression in this region (Fig. 4I; arrowhead).
The reason for the variability in lacZ expression between are shown in Figs. 6B and 6C. All domains of CNS expres-
sion are represented, the telencephalon, diencephalon, mes-lines in the PNS is not known but it does not seem to
correlate with transgene copy number. One possible expla- encephalon, metencephalon, myelencephalon, and neural
FIG. 4. Analysis of lacZ expression in sections of J1A transgenic mice at E11.5. (A) Sectioning plane for sections in B±G. Three hundred-
micrometer sections from J1A whole-mount b-gal-stained embryos (B±H). (G) is from J1A-59, the rest are from J1A-20. (I) A 200-mm
parasagittal section from an E11.5 embryo showing in situ hybridization to Mash1 mRNA. Arrow in (D) shows the absence of expression
in the diencephalon adjacent to the mammillary recess. Arrow in (F) shows the expression in the enteric region. Arrows in (H) and (I)
point to the rostral boundary of expression in the mesencephalon. The arrowheads in (H) and (I) point to lacZ and Mash1 expression in
the tongue region. cc, cerebral cortex; di, diencephalon; ge, ganglionic eminence; h, hypothalamus; lv, lateral ventricle; mes, mesencephalon;
nt, neural tube; oe, olfactory epithelium; sl, sulcus limitans; sym, sympathetic chain; t, thalamus; III, third ventricle; IV, fourth ventricle.
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tube. In addition, the boundaries of b-gal activity re¯ect the region (Fig. 6A; compare constructs J1B and J1D). These data
do not exclude the possibility that cooperation exists withboundaries described above for J1A. Although the expres-
sion of the transgene in the ganglionic eminences is not as regions outside this 8 kb. Sequences required for PNS ex-
pression are not in this 8 kb but are contained in the mostapparent as in the J1A embryos, a parasagittal section of a
J1B transgenic embryo demonstrates accumulation of b-gal 5* and/or 3* ends of the 36-kb transgene J1A (Fig. 6; compare
constructs J1A and J1B). Thus, it appears that there are dis-activity by E12.5 in this region (Fig. 6D).
We were unable to detect J1B transgene expression out- tinct sequences responsible for Mash1 expression in several
domains in the developing nervous system.side of the CNS. These results suggest that cis-acting ele-
ments essential for expression of Mash1 in the PNS are The varying levels of transgene expression between dif-
ferent domains in the independent lines of transgenicdeleted from J1B and thus reside either in the most 5* 4 kb
or 3* 20 kb in the J1A transgene. In addition, the lack of mice provide evidence for multiple regulatory elements
controlling Mash1 expression even within the differentectopic expression in J1B transgenic embryos indicates the
absence of negative regulatory elements in the regions de- neural lineages in the CNS or PNS. For example, line
J1A-29 had the highest level of b-gal expression in theleted from J1A.
A ®nal construct, J1D, the middle fragment of J1A con- ganglionic eminences but a very low level of expression
in the dorsal mesencephalon compared to the other twotaining 3 kb 5* sequence and 3 kb 3* sequence ¯anking
the Mash1 coding region, was tested alone for the presence lines. This suggests that position effects resulting from
the integration of the transgene in¯uence distinct cis-of regulatory elements. E11.5 transgenic embryos carrying
this construct did not express lacZ in the predicted pattern acting elements to different extents. This is also demon-
strated in the variability observed in the transgene expres-in 12 independent founder embryos analyzed. Ten embryos
did not express lacZ at all, and 2 embryos had nonneural sion in the PNS. Only one line had detectable levels of
b-gal activity in the sympathetic neural precursors, andectopic staining patterns (Fig. 6A). Comparison of the ex-
pression patterns of the Mash1/lacZ constructs J1A, J1B, the other two lines expressed b-gal in the presumptive
enteric precursors. Taken together, these data suggest theand J1D indicates that an 8-kb region found 5* of the Mash1
coding sequence contains domain-speci®c CNS but not presence of multiple lineage-speci®c regulatory elements
that control Mash1 expression. Based on the large regionPNS cis-acting regulatory element(s) (Fig. 6A).
of DNA from the Mash1 locus tested in this study and
the incomplete nature of the expression pattern, it is con-
cluded that the cis-acting regulatory elements requiredDISCUSSION
for the complex pattern of Mash1 expression span a region
of DNA greater than 36 kb. Alternatively, sequences thatMash1 function is essential for early neural lineage devel-
opment. This is demonstrated by mutational analysis (Guil- direct expression to the PNS, olfactory, and retina may
be very sensitive to chromosomal position and have notlemot et al., 1993) and re¯ected by its tightly regulated and
transitory expression during embryogenesis (Lo et al., 1991; been detected in the transgenic mice analyzed to date.
Guillemot and Joyner, 1993; Porteus et al., 1994). These
features of Mash1 have provided the impetus for studying
Temporal Expression of Mash1 in the CNShow it is regulated during development. Our data indicate
that Mash1 is regulated by distinct and physically separable The expression of J1A, the 36-kb Mash1/lacZ transgene,
during embryogenesis is similar to endogenous Mash1.cis-acting sequences that reside in greater than 36 kb sur-
rounding the Mash1 coding region. However, upon closer analysis of b-gal-stained sections, a
slight developmental delay in expression became apparent
in the forebrain. Mash1 is expressed in the ventricular zones
Multiple Elements Regulating Mash1 Expression throughout speci®c regions in the CNS (Lo et al., 1991;
Guillemot and Joyner, 1993). The ventricular zone containsExpression of Mash1 in the developing nervous system is
restricted to subsets of neural precursors throughout the the proliferating neural precursor cells. As the cells undergo
neurogenesis, they move away from the ventricle (for re-CNS, the autonomic division of the PNS, the olfactory epi-
thelium, and the retina. Regulatory elements responsible view see McConnell, 1995). The dorsal/ventral borders of
b-gal activity in the forebrain respect the borders of Mash1for Mash1 expression in the olfactory epithelium and retina
were not detected in the 36-kb sequence ¯anking the Mash1 expression; however, b-gal activity is absent in the regions
closest to the ventricles. LacZ mRNA in situ hybridizationcoding region, the largest sequence tested in this study. The
sequences required for CNS and PNS expression are also suggests that transcription occurs at low levels in the ven-
tricular zone even though protein is not detected (data notdistinct. A comparison of the transgene expression between
J1B (CNS-speci®c expression) and J1D (no speci®c expres- shown). Thus, it appears that expression of the transgene is
in the correct neural precursors but protein is detected at asion) demonstrates that elements driving expression in spe-
ci®c domains in the CNS most likely reside within an 8- slightly delayed point during neurogenesis. One explanation
is that the sequence tested in our constructs lacks elementskb fragment of DNA found upstream of the Mash1 coding
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that allow precise timing of high-level expression in the sophila have been conserved across species as well and can
thus provide insights into Mash1 regulation? Our demon-proliferating cells of the forebrain ventricular zone. Another
explanation, however, involves speculation about the devel- stration that there are multiple regulatory elements for dis-
crete domains of Mash1 expression that span 36 kb isopmental stage in which Mash1 is expressed. If Mash1 ex-
pression is restricted to the cells that have made a decision consistent with the complexity of regulation described for
the Achaete±scute locus that spans approximately 100 kbto differentiate, then Mash1-expressing cells will be moving
out toward the zone containing differentiating cells, the (Ruiz-Gomez and Modolell, 1987; GoÂ mez-Skarmeta et al.,
1995). The Drosophila gene, hairy, encodes a bHLH tran-subventricular or marginal zones. If the accumulation of b-
gal to a level detectable by the histochemical assay lags scription factor that has been demonstrated to act directly
on the achaete gene to repress expression (Van Doren et al.,behind the detectable expression of Mash1, then transgene
expression may not be evident until the cells have left the 1994). The evidence for conservation of regulatory pathways
between the Drosophila and mammalian genes has comeregions closest to the ventricles. The idea that Mash1 is
expressed in differentiating cells in the forebrain rather than from recent studies of a hairy-related gene in mammals,
called HES-1 (Sasai et al., 1992; Feder et al., 1993). Targetedin stem cells is consistent with data comparing Mash1 ex-
pression with proliferation and differentiation markers in disruption of HES-1 in mice leads to an up-regulation of
Mash1 expression during embryogenesis (Ishibashi et al.,this region of the CNS (Porteus et al., 1994). In addition, it
has been concluded that Mash1 is not expressed in prolifer- 1995). This suggests a normal role for HES-1 in repression
of Mash1 expression, consistent with the role of hairy re-ating stem cell populations but rather during differentiation
in the olfactory lineage and the neural crest-derived sympa- pressing achaete in Drosophila. This conservation in trans-
acting factors implies a conservation in cis-acting elementsthetic and enteric lineages (Gordon et al., 1995; Lo and An-
derson, 1995; Sommer et al., 1995). that have been investigated in this study.
Genetic analysis has demonstrated that the patterns of
achaete and scute expression are controlled by combina-Conservation of Regulation between Drosophila tions of axis-patterning genes such as products of the pair-
and Mammals? rule and dorsoventral polarity genes (Skeath et al., 1992).
It has not been demonstrated whether any of these genesMash1 was cloned on the basis of sequence similarity in
the bHLH domain to the Drosophila proneural genes of the interact directly with achaete and scute enhancer elements
to control expression. Recently, it has been reported thatAchaete±scute complex (Johnson et al., 1990). Like the Dro-
sophila genes, Mash1 is expressed in a complex pattern in two homeoproteins, ara and caup of the Iroquois locus in
Drosophila, directly activate a speci®c domain of achaetethe developing CNS and PNS and is required for develop-
ment of multiple neural lineages (Lo et al., 1991; Guillemot and scute expression (GoÂ mez-Skarmeta et al., 1996).
Whether mammalian homologs of these genes regulateand Joyner, 1993; Guillemot et al., 1993; for review on
Achaete±scute see Skeath and Carroll, 1994). While the Mash1 expression remains to be investigated. This will re-
quire not only a characterization of the expression patternsproneural function of achaete and scute may not have been
conserved in Mash1 during mammalian development, and DNA binding speci®cities of the mammalian homologs
of these genes, but also a continuation of the work presentedMash1 expressed on a heat-shock promoter in achaete±
scute mutant ¯ies can rescue the development of sensory here delineating discrete cis-acting sequences required for
the complex spatial and temporal pattern of Mash1 expres-organs (A. Singson, J. Posakony, and D. Anderson, personal
communication). Is it possible that cis- and trans-acting sion. It is our hope that cis-acting elements identi®ed in
the regulation of Mash1 will allow us to de®ne transcriptionfactors controlling achaete and scute expression in Dro-
FIG. 5. Comparison of lacZ and Mash1 expression in speci®c regions of the CNS. All panels are 200-mm vibratome sections of J1A-20
E11.5 embryos except (F) and (I) which are 20-mm cryosections. (A±C) b-Gal-stained sections hybridized for Mash1 mRNA (purple/brown).
(A) A transverse section through diencephalon and telencephalon. (B) Oblique section through the hindbrain region. (C) Transverse section
through the neural tube. Expression in the ganglionic eminence in the ventral telencephalon of b-gal (D), Mash1 mRNA (E), and Mash1
protein (F). Expression in the diencephalon of b-gal (G), Mash1 mRNA (H), and Mash1 protein (I). ge, ganglionic eminence; lv, lateral
ventricle; svz, subventricular zone; t, thalamus; vz, ventricular zone; *, ectopic staining in cranial nerve; III, third ventricle; IV, fourth
ventricle.
FIG. 6. Multiple, separable sequence elements control Mash1 expression. (A) Diagram comparing the Mash1/lacZ constructs J1A, J1B,
and J1D and their expression in different domains. #Tg, the number of independent transgenic lines that express the transgene in the
regions speci®ed over the total number of transgenics made for each construct. J1A and J1B are established transgenic lines and for each
there was one nonexpressing line. J1D were analyzed as founder embryos. (B±D) b-Gal-stained J1B embryos. (B) and (C) are cleared whole-
mount E11.5 embryos from lines J1B-22 and J1B-4, respectively. (D) is a parasagittal section of a J1B-4 E12.5 embryo demonstrating
transgene expression in the ganglionic eminence. di, diencephalon; ge, ganglionic eminence; mes, mesencephalon; my, myelencephalon;
Olf/ret, olfactory epithelium/retina. Restriction enzyme sites are as in Fig. 2.
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